Ample evidence has demonstrated the involvement of microRNAs in Parkinson's disease pathogenesis. miR-124-3p was reported to be able to improve neural functional recovery. However, the underlying mechanism of miR-124-3p in Parkinson's disease progression was not well established. This study was designed to investigate the role of miR-124-3p in methyl phenyl pyridinium iodide (MPP) þ -induced SH-SY5Y cells, an in vitro Parkinson's disease model. It is observed that miR-124-3p expression was decreased, and STAT3 expression was increased in MPP þ -induced SH-SY5Y cells. miR-124-3p overexpression attenuated MPP þ -induced neuronal injury, displayed as increased cell viability and superoxide dismutase activities, as well as reduced cell apoptosis, Caspase-3 activity, lactate dehydrogenase activity, inflammatory factors TNF-a, and IL-1b levels and reactive oxygen species generation. Moreover, STAT3 was confirmed to be a miR-124-3p target. Restored STAT3 expression reversed miR-124-3p-induced neuroprotective effects against MPP þmediated neuronal injury. These data demonstrated that miR-124-3p contributed to neuroprotective effects in MPP þ -induced Parkinson's disease cell model by targeting STAT3.
Introduction
Parkinson's disease (PD) is the most widespread neurodegenerative disease in the central nervous system (CNS), triggering motor disturbance and cognitive impairment. 1, 2 To date, genetic and epigenetic factors have been demonstrated to be involved in dopamine neurons deficiency in PD. [3] [4] [5] Therefore, searching strategies to abate the loss of SNpc DA neurons is in great need for the effective treatment of PD patients.
MicroRNAs, a class of endogenous single-stranded noncoding transcript with approximately 22 nucleotides, could result in mRNA degradation or translation repression via complementary with the 3 00 UTR of their targets. 6 Extensive evidence reveals the vital role of miRNAs in plenty of pathological and physiological processes, such as proliferation, differentiation, apoptosis, invasion, metastasis, inflammation, angiogenesis, stress resistance, and tumorigenesis. 7 Also, many studies have highlighted the significance of miRNAs in neurodegenerative diseases, 8 including PD. 9 For example, the loss of miR-155 decreased proinflammatory responses to a-synuclein, suppressed a-synuclein, and induced neurodegeneration in vivo model of PD. 10 micoRNA-205 overexpression abrogated the impairment of neurite outgrowth elicited by R1441G LRRK2. 11 miR-124, a miRNA abundant in brain, has been regarded to be able to facilitate neuronal differentiation. 12, 13 Moreover, miR-124 was found to be down-regulated in the SNpc DA neuron of MPTP-intoxicated PD mouse model, methyl phenyl pyridinium iodide (MPP þ )-treated dopaminergic neurons, and MPP þ -induced SH-SY5Y cells. 14, 15 Impact statement PD affects millions of people in the world, causing uncontrolled tremors. MicroRNAs, a class of endogenous single-stranded non-coding transcript with approximately 22 nucleotides, could bind to the 3 00 UTR of their targets. The functional action of miR-124-3p in PD was not fully elucidated. Our study found that ectopic expression miR-124-3p attenuated MPP þ -induced injury in PD model in vitro by suppressing neurotoxicity, neuronal apoptosis, neuroinflammation, and oxidative stress. Moreover, we validated that miR-124-3p could bind to STAT3 mediating the neuroprotective effect of miR-124-3p. We believe this study will be interesting for readers of this area.
The present study revealed that overexpression of miR-124-3p attenuated MPP þ -induced injury in PD model in vitro by suppressing neurotoxicity, neuronal apoptosis, neuroinflammation, and oxidative stress. Moreover, we validated that miR-124-3p could bind to STAT3 and mediate the neuroprotective effect.
Materials and methods
Cell culture and treatments SH-SY5Y human neuroblastoma cells were purchased from the American Type Culture Collection. Cells were cultured according to the instructions.
The shRNA plasmids were transfected into the Eca109 and TE1 cancer cell lines. The pcDNA-STAT3 and pcDNA empty vectors were obtained from Invitrogen. miR-124-3p mimics, scramble negative control (miR-NC), miR-124-3p antigomir, and antigomir control were obtained from GenePharma (Shanghai, China). All oligonucleotides or plasmids were transfected with Lipofectamine, 2000 reagent (Invitrogen). Cells were exposed to 0, 0.25, 0.5, 1, or 2 mM of MPP þ for 24 h or 1 mM MPP þ for 0 h, 6 h, 12 h, 24 h, or 48 h. The neuroprotective effects of miR-124-3p against MPP þ -induced neuronal injury were examined. Cells were pretreated with miR-124-3p mimics and administrated with 1 mM MPP þ for one day. To explore the neuroprotective mechanism of miRNA, the cells were pretreated with miR-124-3p mimics or miR-124-3p mimics þ pcDNA-STAT3 and then treated with 1 mM MPP þ for one day.
Quantitative real-time polymerase chain reaction
Real-time PCR was used to detect the expression of miR-124-3p and STAT3 mRNA. Total RNAs were harvested from cultured cells using Trizol reagent (Invitrogen) following the protocols of the manufacturer. For miRNA expression analysis, it was detected by TaqMan MicroRNA Assays (Applied Biosystems, Forest City, CA, USA). STAT3 mRNA expression was detected by SYBR green RT-qPCR (Applied Biosystems). The relative level of miRNA and STAT3 mRNA was determined using the 2 ÀDDCt method. 16 
Western blot
The assay was performed as previously described. 17 Briefly, the same amount of protein was separated on a 12% SDS-PAGE gels; the gel was electrotransferred onto a PVDF membrane, and then incubated with primary antibodies against STAT3, DAT, and b-actin (Abcam, Cambridge, MA, USA). The enhanced chemiluminescence reagent (Thermo Scientific, Logan, UT, USA) was employed to determine the immunoreactive bands.
Cell viability
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was applied to determine the viability of SH-SY5Y cells. At indicated time point, the cells were incubated with 20 mL MTT (Sigma, St. Louis, Missouri, USA). Then, DMSO was used to dissolve the crystals.
Finally, absorbance at 450 nm was calculated by microplate reader (Molecular Devices, CA, USA).
Apoptosis assay
Annexin V/fluorescein isothiocyanate (FITC) Apoptosis Detection kit (BD Biosciences, CA, USA) was applied to determine apoptotic rate of SH-SY5Y cells. Briefly, an amount of 3 Â 10 5 cells was treated with Annexin V-FITC and propidium iodide and subjected to flow cytometer (BD Biosciences).
Caspase-3 activity assay
Colorimetric assay kit (Cell Signaling, MA, USA) was used to measure the activity. Briefly, SH-SY5Y cell lysates were incubated with 100 mM of enzyme-specific substrates at 37 C for 4 h. The relative activity was described as fold change by a microplate reader.
Lactate dehydrogenase release assay
The diagnostic kit (Jiancheng Bioengineering Institute, Nanjing, China) was used to assess the level of lactate dehydrogenase (LDH). Briefly, the collected supernatant was co-treated with reduced nicotinamide-adenine dinucleotide and pyruvate according to the manufacturer's instructions. The absorbance was measured at 440 nm using microplate reader to calculate the activity of LDH.
Measurement of reactive oxygen species and superoxide dismutase production assay ROS assay kit (Beyotime, Jiangsu, China) was applied to measure reactive oxygen species (ROS) level. Briefly, SH-SY5Y cells were cultured with dichlorofluorescein diacetate (DCF-DA) (Sigma) according to the instructions. The fluorescence intensity of oxidant-sensitive probe 2,7-DCF-DA in an Olympus BX60 microscope (Olympus Optical Co Ltd, Tokyo, Japan) at 480 nm was used to determine intracellular ROS generation. The superoxide dismutase (SOD) enzyme activities were evaluated using commercial detection kits (Cayman Chemical, MI, USA) according to the manufacture's introduction.
ELISA
The levels of TNF-a and IL-1b were tested by specific enzyme-linked immunosorbent (ELISA) kits (Elisa biotech, Shanghai, China) referring to the directions described by the manufacture.
Luciferase reporter assays
The STAT3 3 00 UTR sequences (wild-type STAT3 3 00 UTR, STAT3-WT) or the mutant-binding sites (mutant STAT3 3" UTR, STAT3-MUT) were inserted into pMIR-REPORT luciferase reporter vectors (Promega, WI, USA). Subsequently, SH-SY5Y cells were co-transfected with miR-124-3p or anti-miR-124-3p and STAT3-WT or STAT3-MUT. The luciferase activities were determined by Dual-Luciferase Reporter Assay System (Promega).
Statistical analysis
All experimental data were represented as "the mean AE standard deviation." SPSS 19.0 software (SPSS, Chicago, IL, USA) was used to evaluate the significant differences by using Student's t-test or one-way ANOVA. The difference was statistically significant at P < 0.05. Multiple comparisons between the groups were performed using Student-Newman-Keuls (S-N-K) method.
Results
To investigate miR-124-3p and STAT3 expression levels in PD cell model, 0, 0.25, 0.5, 1, or 2 mM of MPP þ were added to SH-SY5Y cells for 24 h or 1 mM MPP þ for different times followed by qRT-PCR analysis. miR-124-3p expression (Figure 1 (a) and (b)) was reduced and STAT3 mRNA level (Figure 1 (c) and (d)) was increased in MPP þ -treated SH-SY5Y cells in dose-and time-dependent manners. Moreover, STAT3 protein level was elevated in dose-and time-dependent manners (Figure 1 (e) and (f)). All these results revealed that miR-124-3p and STAT3 may be involved in PD pathogenesis.
The functional effect of miR-124-3p on MPPþ-induced SH-SY5Y cells was explored. Cell viability was first determined by MTT assay when treated with MPP þ . As expected, MPP þ led to cytotoxicity (Figure 2(a) ). Cells were treated with MPP þ or transfected with miR-124-3p before MPP þ treatment. MTT analysis displayed that miR-124-3p overexpression recovered the cell viability to 80% in SH-SY5Y cells (Figure 2(b) ). To examine whether miR-124-3p has protective effect against neuronal apoptosis, flow cytometry analysis was performed at 24 h after MPP þ treatment. The results revealed that miR-124-3p overexpression significantly alleviated MPP þinduced apoptosis from 45% to 20% (Figure 2(c) ). The same effect of caspase-3 activity was also observed in Figure 2(d) . In addition, miR-124-3p overexpression reversed the effect that MPP þ -mediated increase in the activity of LDH from three-fold to two-fold of that in miR-con group (Figure 2(e) ). Then, neuroinflammation was tested by ELISA analysis. As presented in Figure 2 (f) and (g), MPP þ treatment up-regulated the expression level of inflammatory factors TNF-a and IL-1b in SH-SY5Y cells, which was weakened by miR-124-3p overexpression from 3.5-fold to 2-fold of that in miR-con group. Furthermore, ROS generation and antioxidant enzymes SOD activity were determined in SH-SY5Y cells. The results indicated that miR-124-3p pretreatment attenuated MPP þ -mediated ROS generation from five-fold to three-fold in miR-con group (Figure 2(g) ) and abated MPP þ -induced inhibition of SOD from 1/2 to 3/4 in miR-con group (Figure 2(h) ). Collectively, these data demonstrated that miR-124-3p could protect against MPP þ -induced neuronal damage. 
miR-124-3p directly inhibits STAT3 expression in SH-SY5Y cells
As it is well known, miRNAs exert their functional actions by inhibiting their target genes. Therefore, we searched the online target prediction software for possible miR-124-3p targets. The results revealed that there existed a predicted binding site in the 3 00 UTR of STAT3 (Figure 3(a) ). In order to further validate that miR-124-3p directly targeted STAT3, the assay of dual luciferase reporter was performed in SH-SY5Y cells co-transfected with STAT3-WT or STAT3-MUT reporter vectors. miR-124-3p overexpression dramatically lowered the luciferase activity of STAT3-WT vector in SH-SY5Y, oppositely, miR-124-3p inhibition remarkedly increased the luciferase activity of STAT3-WT reporter vector, while the activity of STAT3-MUT reporter vectors displayed little change (Figure 3(b) and (c) ). miR-124-3p expression was elevated after miR mimics transfection and reduced by anti-miR treatment (Figure 3(d) and (f) ), indicating the effectiveness of transfection. Also, as we might expect, miR-124-3p mimics inhibited STAT3 expression, while miR-124-3p inhibition elevated STAT3 level in SH-SY5Y cells at mRNA and protein level (Figure 3 (f) to (h)). Taken together, it is suggested miR-124-3p could bind to STAT3.
Restoration of STAT3 expression reverses the neuroprotective effects of miR-124-3p in MPP þinduced SH-SY5Y cell PD model
To illustrate whether miR-124-3p exerted its neuroprotective action in MPP þ -induced SH-SY5Y cell PD model by targeting STAT3, SH-SY5Y cells were treated with MPP þ , MPP þ þ miR-124-3p, or MPP þ þ miR-124-3p þ pcDNA-STAT3. First, STAT3 expression in pcDNA-STAT3transfected SH-SY5Y cells was detected by Western blot analysis. STAT3 was overexpressed in SH-SY5Y cells transfected with pcDNA-STAT3, confirming the successful transfection of pcDNA-STAT3 (Figure 4(a) ). Then, the restoration of STAT3 expression reversed the protective effect as evidenced by attenuating miR-124-3p-mediated increase in cell viability (Figure 4(b) ) and SOD activities (Figure 4(i) ), as well as by abrogating miR-124-3p-induced decrease in cell apoptosis (Figure 4(c) ), Caspase-3 activity (Figure 4(d) ), (Figure 4(e) ), the expression of inflammatory factors TNF-a and IL-1b (Figure 4 (f) and (g)), and ROS generation (Figure 4(h) ). In total, miR-124-3p exerted its neuroprotective action in MPP þ -induced SH-SY5Y cell PD model by targeting STAT3.
miR-124-3p has no significant effect on DAT expression
DAT could exert the protective effect through decreased cellular uptake. Therefore, the role of miR-124-3p in DAT expression was explored. The results suggested that miR-124-3p did not affect DAT expression ( Figure 5 ), which suggested that the protective effect was mediated through other pathways rather than decreased cellular uptake of MPP þ .
Discussion
In recent years, a number of studies suggested that abnormal miRNA expression is involved in neurodegenerative disorders, including PD. For example, miR-181a was remarkedly decreased in MPP þ -induced PD cell model and its overexpression lowered neuron apoptosis and autophagy via suppressing MAPK/JNK pathway. 18 Another study reported that enhanced expression of miR-126 contributed to PD by down-regulation of factors in IGF-1/phosphoinositide 3-kinase signaling. 19 miR-34b and miR-34c have been reported to contribute to PD pathogenesis. 20 All these studies demonstrated the critical role of miRNAs in PD.
Accumulating documents showed that miR-124-3p was abundant in neurons and during CNS development. 21, 22 Abnormal expression of miR-124 has been revealed to be implicated in many CNS disease, 23 including Alzheimer's disease, 24 brain tumor, 25 cerebral ischemic stroke, 26 and PD. 27 However, the functional mechanism of miR-124-3p is not fully illuminated. Our study constructed PD model in vitro by treating SH-SY5Y cell with MPP þ . The results showed that miR-124-3p was low expressed in MPP þ -induced SH-SY5Y cell. MPP þ treatment led to the increase in cell viability and SOD activity, and the reduction in cell apoptosis, Caspase-3 activity, LDH activity, the expression of inflammatory factors TNF-a and IL-1b, and ROS generation; however, the up-regulation of miR-124-3p reversed the effects. Our study showed miR-124-3p participated in various PD pathological process, including neurotoxicity, neuronal apoptosis, neuroinflammation, and oxidative stress. Consistent with our results, neuroprotective effect of miR-124-3p in PD was reported previously. For instance, miR-124-3p overexpression rescued the damage of MPTP on DA neurons by suppressing apoptosis and autophagy via AMPK/mTOR pathway. 28 miR-124 decreased the loss of DA neuron by targeting Bim. 15 Oxidative stress and inflammation have been disclosed to play important roles in Parkinson's disease. 29 STAT3 has been demonstrated to be significant for cancer progression. 30, 31 Emerging evidence suggests the involvement of STAT3 in inflammation-associated injury. 32, 33 In this study, miR-124-3p was verified to target STAT3, in agreement with a previous documents. 34 Moreover, the restoration of STAT3 expression abated the neuroprotective effects of miR-124-3p. A recent study demonstrated that nitidine inhibited microglial activation by inactivating Jak2-Stat3 pathway and improved behavioral function in PD animal models, 35 coincident with our results. Also, manganese exposure resulted in the activation of JAK2-STAT3 signal pathway in microglia, causing resultant neuroinflammation and neuronal loss. 36 Our study demonstrates that miR-124-3p exerts a neuroprotective action in MPP þ -induced PD cell model by preventing neurotoxicity, neuronal apoptosis, neuroinflammation, and oxidative stress. More importantly, the inhibitory effect of miR-124-3p on PD pathogenesis is mediated by its functional target STAT3.
